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Objective: The objective was to compare patients after matrix-associated autologous chondrocyte
transplantation (MACT) and microfracture therapy (MFX) of the talus using diffusion-weighted imaging
(DWI), with morphological and clinical scoring.
Materials and methods: Twenty patients treated with MACT or MFX (10 per group) were examined using
3 T magnetic resonance imaging (MRI) at 48  21.5 and 59.6  23 months after surgery, respectively. For
comparability, patients from each group were matched by age, body mass index, and follow-up.
American Orthopaedic Foot and Ankle Society (AOFAS) score served as clinical assessment tool pre-
and postoperatively. DWI was obtained using a partially balanced, steady-state gradient echo pulse
sequence, as well as the Magnetic Resonance Observation of Cartilage Repair Tissue (MOCART) score,
based on a 2D proton density-weighted turbo spin-echo sequence and a 3D isotropic true fast imaging
with steady-state precession sequence. Semi-quantitative diffusion quotients were calculated after
region of interest analysis of repair tissue (RT) and healthy control cartilage, and compared among both
groups.
Results: The mean AOFAS score improved signiﬁcantly (P ¼ 0.001) for both groups (MACT: 48.8 
20.4e83.6  9.7; MFX: 44.3  16.5e77.6  13.2). No differences in the AOFAS (P ¼ 0.327) and MOCART
(P ¼ 0.720) score were observed between MACT and MFX postoperatively. DWI distinguished between
healthy cartilage and cartilage RT in the MFX group (P ¼ 0.016), but not after MACT treatment (P ¼ 0.105).
Signiﬁcant correlations were found between MOCART score and DWI index after MFX (Pearson: 0.648;
P ¼ 0.043), and between the diffusivity and longer follow-up interval in MACT group (Pearson: 0.647,
P ¼ 0.043).
Conclusion: Whereas conventional scores reveal a similar outcome after MACT or MFX treatment in the
ankle joint, DWI was able to distinguish between different RT qualities, as reported histologically for
these diverse surgical procedures.
 2012 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.Introduction
The current state of orthopedic knowledge does not support a
deﬁnite conclusion as towhich type of surgical treatment is optimal
for osteochondral defects of the talus1. New techniques, such as: S. Domayer, Department of
a, Währinger Gürtel 18-20,
þ431-40400-4088.
.at (S. Domayer).
s Research Society International. Pmatrix-associated autologous chondrocyte transplantation (MACT),
as well as bone marrow-stimulating techniques, such as micro-
fracturing (MFX), are reported to yield good to excellent clinical
outcome at mid-term follow-up studies2e5; however, in addition to
substantial differences in terms of cost and co-morbidity, there is
still a lack of evidence from long-term follow-up studies as towhich
is the most suitable cartilage repair procedure6.
The MFX technique7 is a less complex, low-cost, one-step
procedure and can reliably be performed during arthroscopy.
Histological evaluations of MFX8 repair tissue (RT) in the knee, have
yielded a high proportion of ﬁbrocartilage and soft ﬁbroelastic RT,ublished by Elsevier Ltd. All rights reserved.
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demonstrated to be amajor factor in repair failure in the knee in the
long term6,9. It should however be noted that at this time, there
is insufﬁcient data to determine whether this is also true for
the ankle.
A more expensive and elaborate therapy option is MACT10, using
an open3,11e13 or arthroscopic approach5,14. With this cartilage
repair procedure the RT acquired at follow-up arthroscopic exam-
inations has been reported to be frequently “hyaline-like” in
histological evaluations, both in the knee and the ankle joint5,15,16.
To evaluate the postoperative success and the long-term efﬁcacy
of the particular therapy options, physicians need a non-invasive
accurate diagnostic tool. Clinical scores suffer from being rela-
tively subjective, whereas arthroscopic biopsies are invasive
procedures and are therefore less suitable.
Magnetic resonance imaging (MRI) has become the gold stan-
dard for morphological cartilage repair monitoring17e19. The
Magnetic Resonance Observation of Cartilage Repair Tissue
(MOCART) score20 was primarily developed to assess cartilage
repair procedures in the knee joint, and was recently also
successfully used in the ankle joint14,17,21. Additionally, a wide range
of sequences that can visualize biochemical properties of cartilage
and cartilage RT have become available, such as sodium imaging,
delayed gadolinum enhanced magnetic resonance imaging of
cartilage (dGEMRIC), Chemical Exchange Saturation Transfer
(CEST), T2 and T2* mapping, and magnetization transfer.
Another encouraging approach is the use of diffusion-weighted
sequences. Diffusion-weighted imaging (DWI) exploits the molec-
ular mobility of water and thus, is inﬂuenced by the physical
structure of a biological tissue at a molecular level22,23. Whereas
water protons present with free, unrestricted motion in pure water,
their translational motion is reduced by diffusion-hindering
obstacles (e.g., proteoglycans, collagen ﬁbers, and chondrocytes)
in biological tissue, such as articular cartilage. Thus, diffusion
capacity can be utilized as a parameter for tissue characterization at
a microscopic level and reﬂects changes in the biochemical archi-
tecture of the cartilage tissue23.
DWI showed initially promising results for the assessment of
osteoarthritis in vitro by means of increased diffusivity22,24, and
in vivo for the evaluation of RT in the knee joint followingMACT25,26
as well as MFX27. Recently, Quirbach and colleagues21 conﬁrmed
the feasibility of DWI in the ankle joint at 3 T MRI.
Thus, the purpose of the present study was to compare patients
after two different cartilage repair procedures (MACT vs MFX) of
the ankle joint, using morphological and DWI at 3 T MRI, as well as
the American Orthopaedic Foot and Ankle Society (AOFAS) score.Materials and methods
Study participants and clinical evaluation
This cross-sectional study was approved by the on-site medical
university ethics commission, and all patients gave written,
informed consent. A collective of 43 consecutive cases was treated
for either symptomatic deep chondral singular defects (Outer-
bridge Grade 3 or 4) or singular osteochondral defects (Hepple 3 or
4), caused either by osteochondritis dissecans (OD) or trauma, with
stable adjacent cartilage on the talar dome. All cases were treated
by surgeons with a specialization on cartilage repair in adherence
to standardized treatment protocols. Twenty-ﬁve cases were
treated with MFX28 (four surgeons), and subsequently 18 cases
were treated with MACT29 (two surgeons). The exclusion criteria
for surgical intervention were advanced osteoarthritis, kissing
lesions, as well as instability, deformation, rheumatoid arthritis anda body mass index (BMI) <30. No previous surgery of the ankle
cartilage had been performed in any of the patients.
Primary inclusion criteria for this study were DWI at the latest
MRI examination and a minimum follow-up of 18 months. Further
patient selection was based on a match of both groups by unpaired
Student’s t-test for age (P ¼ 0.704), BMI (P ¼ 0.831), and post-
operative interval (P ¼ 0.274). Finally, 20 patients (10 MACT, 10
MFX; 10 females, 10 males; mean age 31.7 years, age range
21e49.6 years) were included.
The MACT patient group consisted of six females and four males
(mean age 31  6.5 years; BMI 25.1  4.2 kg/m2; postoperative
interval 48  21.5 months; mean defect size 1.21  0.6 cm2)
(mean  SD). In seven patients surgery was indicated by OD. For
MACT, a biopsy was taken during the ﬁrst-look arthroscopy and
further processed for the graft5 (HyalograftC, Fidia Advanced
Biopolymers, Abano Terme, Italy). Cases with OD obtained drilling
of the osseous bed to induce healing of the bone. In the subsequent
surgery (miniarthrotomy), the defect was prepared and the inoc-
ulated scaffold was cut to exactly ﬁt into the defect and ﬁxed with
ﬁbrin glue. Osteotomy of the malleolus medialis was necessary in
three cases, in two cases an osteophyte was removed from the
ventral edge of the tibia and in one OD case an autologous spon-
giosa graft was performed.
The MFX group consisted of four females and six males (mean
age 32.4  9.2 years; BMI 25.5  4.9 kg/m2; follow-up 59.6  23.0
months; mean defect size 1.05  0.6 cm2). OD was found in four
cases and six patients had singular chondral lesions. Additional
procedures included synovectomy in three cases removal of
a ventral tibial osteophyte in one case, and ﬁlling of a tibial cyst
with Cerasorb in one case.
The postoperative rehabilitation uniformly consisted of 6 weeks
of non-weight bearing, 4 weeks of partial weight-bearing, and
minimum 6 months of abstention from impact sport. Cycling
without resistance was recommended from 6 weeks after surgery.
The clinical outcome was assessed with the AOFAS score30 both
preoperatively and at the follow-up MRI examination. The AOFAS
score is a numerical system which emphasizes the patient’s
perception of function and pain. We considered an AOFAS score of
100e90 points as excellent, 89e80 as good, 79e70 as fair, and
below 69 as poor results31.
To investigate the reproducibility of the DWI protocol, and to
obtain values of normal healthy cartilage, we invited four healthy
volunteers (mean age 28.3  3.3 years, two females and two males,
BMI 22.9  3 kg/m2) without any history of ankle joint injuries or
pain to participate in three daily consecutive measurements.Image acquisition
MRI examination was performed on a 3.0 T whole body Mag-
netom TimTrio scanner (Siemens Healthcare, Erlangen, Germany),
using a gradient strength of 40 mT/m and a ﬂexible eight-channel
multi-element coil (Noras, Würzburg, Germany). Patients lay
supine with the foot ﬁxed in a customized splint to ensure posi-
tioning at a 90 angle relative to the lower leg and to avoid motion
artefacts.
The MR protocol consisted of a proton density-weighted (PDw)-
turbo spin-echo (TSE) sequence with fat saturation (fs) and an
isotropic three-dimensional (3D) true fast imaging with steady-
state precession (TrueFISP) sequence for the morphological
assessment (Table I). Using the isotropic 3D TrueFISP acquisitions
with a 3D viewing tool, the cartilage RT was identiﬁed. The 3D data
set was used to obtain a sagittal localizer through the most central
part of the RT, in a 90 angle relative to the subchondral bone, for
the DWI acquisitions.
Table I
Speciﬁcations of the MRI protocol. Isotropic 3D true fast imaging with steady-state
precession (TrueFISP) sequence; PDw-TSE sequence with fat saturation (fs); DWI
Sequence 3D TrueFISP PD-TSE-fs DWI
Repetition time (ms) 8.86 2,100 14.82
Echo time (ms) 3.82 24 5.94
Field of view (mm) 144  159 100 100 140 140
Matrix 334 348 320 320 448 448
Pixel size (mm) 0.4  0.4  0.4 0.3  0.3  3 0.3  0.3  3
Section thickness (mm) 0.4 3 3
Slices 320 per slab 15 1
Flip angle (degrees) 28 160 30
Bandwidth (Hz/pixel) 200 240 149
Number of excitations 1/Slab sel. / /
Echo train length / 92 per slice /
Examination time (min) 09:33 6:32 Two times 3:18
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echo pulse sequence with diffusion weighting (2D-DW reversed
FISP (PSIF)) was used. The diffusion constant was assessed in the
“read” direction. The sagittal diffusion sequence protocol consisted
of two separate, but immediately consecutive measurements, using
no (0), and 75 mT ms1 monopolar diffusion gradient moments
for DWI to allow a semi-quantitative assessment of diffusion
behavior in the cartilage (examination time for bothmeasurements
6:36 min). All other imaging parameters were identical for both
measurements (Table I). The inﬂuence of tissue relaxation was
considered to be negligible, assuming tissue relaxation times do not
change signiﬁcantly between two immediately consecutive
measurements. The presented DWI approach is semi-quantitative;
therefore, only one direction is adequate; however, it should be
seen as an estimation of quantitative diffusion values and has no
b values or apparent diffusion coefﬁcient (ADC) value.
In the case of healthy volunteers two identical sagittal DWI
sequences were performed, one for the medial and one for the
lateral side of the talar dome (two slices) on three consecutive days.Image analysis
The morphological assessment was based on the MOCART
score20 using the PDw-TSE sequence and the isotropic 3D-True-FISP
sequence. Different variables (Table II) were assessed by two
observers separately (ST; IN). Both were blinded to the clinical
results, patient data, and results from DWI.
For the semi-quantitative characterization of the cartilage RT,
diffusion images were transferred to a Leonardoworkstation. The
diffusion-weighted images were analyzed independently by two
trained observers with experiences in this ﬁeld (SA; SD). The
isotropic 3D TrueFISP and PDw-TSE sequence served as veriﬁcation
of size and location of RT and healthy reference cartilage (RC).Table II
Mean DQs (95% CIs in parentheses (lower limit/upper limit)) of healthy cartilage
from volunteers, dependent on different localizations within the talar cartilage
obtained from three consecutive measurements. ANOVA with Duncan post hoc test
revealed no statistically signiﬁcant difference between different localizations
(P > 0.05)
First
measurement
Second
measurement
Third
measurement
Medial Anterior 1.4844 (1.31/1.65) 1.4897 (1.34/1.63) 1.4638 (1.21/1.72)
Central 1.4545 (1.30/1.59) 1.5273 (1.39/1.61) 1.3889 (1.22/1.56)
Posterior 1.4231 (1.26/1.58) 1.3789 (1.25/1.51) 1.4057 (1.25/1.56)
Lateral Anterior 1.4073 (1.33/1.49) 1.4314 (1.34/1.52) 1.3755 (1.31/1.43)
Central 1.4109 (1.29/1.52) 1.3194 (1.21/1.52) 1.3510 (1.25/1.54)
Posterior 1.4213 (1.32/1.53) 1.4016 (1.26/1.63) 1.4657 (1.26/1.67)A region of interest (ROI) analysis was manually deﬁned for the RT
and for healthy RC on the PSIF images without a diffusion gradient,
and then copied onto the PSIF images with a diffusion gradient of
75 mT ms1 at the same slice position. The minimum ROI size
considered sufﬁcient was 100 Pixels by deﬁnition. The RC was
chosen based on the morphological images according to following
criteria: normal appearance of cartilage, minimum distance of 1 cm
to RT. Special attention was paid to include only talar cartilage in
the ROIs and excludewater, bone, and tibial cartilage. Subsequently,
the mean signal intensity from the ROI on the PSIF image without
a diffusion gradient was divided by the mean signal intensity from
the appropriate ROI with a diffusion gradient. Further statistical
calculations were performed with the resultant semi-quantitative
diffusion quotients (DQs, no unit) from RT and RC. For better
comparability with other scoring systems (correlation with
MOCART and AOFAS score), a DWI index was calculated. Therefore,
the mean DQs of the RT were divided by the mean values of RC for
each patient.
In the consecutive cases of volunteers, DQs were assessed on the
medial and lateral side of the talus role for the anterior, central and
posterior talar cartilage, respectively.
Statistical analysis
Data were analyzed using SPSS (SPSS Windows, version 17.0;
SPSS, Chicago, Ill) for Windows (Microsoft, Redmont, WA, USA). A
mixed model ANOVAwas used to compare the DQ values of RT and
RC (within subject factor), as well as MACT and MFX (between
subject factors) simultaneously. For speciﬁed testing age, BMI, and
follow-up were entered as covariates. Regarding assumptions on
mixed effects analysis the covariance matrix was positive deﬁnite.
Interobserver agreement for ROI analysis and MOCART scoring was
calculated using an interclass correlation coefﬁcient (ICC). AOFAS
scores and MOCART scores were compared using paired and
unpaired two-sided Student’s t-tests. Several variables of the
MOCART score were compared between both groups using the
Wilcoxon RankeSum Test. Associations between patient data,
scoring systems, and DWI index were evaluated by calculating
a Pearson correlation coefﬁcient. Due to the small number of
patients, correlations for the individual groups are only prelimi-
nary. Concerning the volunteer measurements, differences of DQs
between different sites within the talar cartilage were compared
using a one-way analysis of variance (ANOVA) with Duncan post
hoc test. The reproducibility between measurements is given as
a coefﬁcient of variation (COV) (in %) averaged over all volunteers. P
values equal to or below 0.05 were considered to indicate statisti-
cally signiﬁcant results.
Results
DWI volunteers
The spatial variation of DQs in healthy volunteers between
different localizations within the talar cartilage and their repro-
ducibility are presented in Table II. No statistically signiﬁcant
differences were found (P > 0.05) between different sites. The COV
for DQs of healthy cartilage in volunteers was 4.4%.
DWI patients
The mean size of the ROIs in MACT and MFX group was 793
(332) (mean  SD) and 562 (255) pixels for RT and 441 (149)
and 342 (166) pixels for RC, respectively.
The DQs for the RC and the cartilage RT for all patients are
illustrated in Fig. 1. The difference between the mean DQs of the RT
Fig. 1. Graphs of mean DQs for each (a) MACT patients and (b) MFX patients. DQs of cartilage RT in patients after MACT are comparable to healthy control cartilage, while the DQs of
the RT in MFX patients are increased.
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group (P ¼ 0.011). No signiﬁcant difference was found in the mean
DQs between the RC [1.3925; 95% conﬁdence interval (CI) ¼ 1.29/
1.49] and RT (1.4699; 95% CI ¼ 1.38/1.56) (P ¼ 0.105) (Fig. 2) within
the MACT group. However, for the MFX group, the mean DQ was
signiﬁcantly increased in the RT (2.072; 95% CI ¼ 1.58/2.57)
compared to the RC site (1.5036; 95% CI ¼ 1.37/1.64) (P ¼ 0.016)
(Fig. 3).
The ICC for the interobserver reproducibility of the ROI analysis
yielded an excellent agreement (ICC ¼ 0.934).
AOFAS score
The mean AOFAS score improved from 48.8  20.4 points to
83.6 9.7 points for theMACTgroup and from 44.3 16.5 points to
77.6  13.2 points for the MFX group (P < 0.001) fromFig. 2. Patient after MACT; sagittal reconstruction of isotropic 3D TrueFISP sequence (left) an
and the RC (white arrows), the white polygon symbolizes the ROI analysis for the RT and
cartilage. (MOCART score ¼ 70 points).preoperatively to MRI follow-up of the present study. However, no
signiﬁcant differencewas found between both groups at the time of
follow-up (P ¼ 0.327). After MACT, the AOFAS score yielded an
excellent result in four patients (40%), a good result in three
patients (30%), and a fair and poor result in one (10%) and two
patients (20%), respectively. After MFX, an excellent, good, fair, and
poor result was found in two (20%), four (40%), one (10%) and three
(30%) patients, respectively.
MOCART score
Similar results were found after MACT (62  13.2 points) and
after MFX (59.5  17.2 points) (P ¼ 0.720). The separate variables
are displayed in Table III. No signiﬁcant differences were seen in the
variables: degree of repair (P ¼ 0.739); integration to border zone
(P ¼ 0.796); surface (P ¼ 0.912); structure of RT (P ¼ 0.739); signald semi-quantitative map of DWI (right); arrows mark the borders of the RT (red arrows)
RC; note the similar diffusivity in the cartilage transplant compared to the adjacent
Fig. 3. Patient after MFX; sagittal reconstruction of isotropic 3D TrueFISP sequence (left) and semi-quantitative map of DWI (right); arrows mark the borders of the RT (red arrows)
and the RC (white arrows), the white polygon symbolizes the ROI analysis for the RT and RC; note the increase in diffusivity in the RT compared to surrounding cartilage. (MOCART
score ¼ 80 points).
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(P ¼ 0.579); subchondral lamina (P ¼ 0.739); subchondral bone
(P ¼ 0.739); adhesions (P ¼ 1.0); and effusion (P ¼ 0.739). The ICC
for interobserver agreement was 0.804.Correlations
No signiﬁcant correlationwas found between theMOCART score
and the DWI index for MACT patients (Pearson coefﬁcient 0.058,
R2 ¼ 0.003; P ¼ 0.874) [Fig. 4(a)], but a signiﬁcant negative corre-
lation for MFX patients (Pearson coefﬁcient 0.648, R2 ¼ 0.420;
P ¼ 0.043) [Fig. 4(b)]. Correlation between the DWI index and the
follow-up interval revealed a decrease in diffusivity with a longer
follow-up interval in MACT patients (Pearson coefﬁcient 0.647,
R2 ¼ 0.418; P ¼ 0.043) [Fig. 5(a)], whereas no correlationwas found
between DQ values and follow-up interval in MFX patients (Pear-
son coefﬁcient 0.078, R2 ¼ 0.006; P ¼ 0.830) [Fig. 5(b)]. In addition,
the DWI index correlated weakly, but not signiﬁcantly (P ¼ 0.055),
with the BMI of patients (Pearson coefﬁcient 0.435, R2 ¼ 0.19). No
correlation was found between the biochemical parameters and
age, or AOFAS score at the time of MR examination.Discussion
In the present study, DWI of the ankle joint was obtained from
patients after MACT or MFX of the talar dome, in addition to the
MOCART score and the clinical AOFAS score.
The most important ﬁnding of this study was that, although the
morphological scoring and the clinical scoring was nearly identical
between MACT and MFX patients at the given follow-up interval,
DWI revealed signiﬁcant differences between both study groups.
This may indicate that these two repair procedures resulted in
different cartilage RT quality, as described previously in histological
studies.
Whereas the RT after MACT has been reported to be more
“hyaline-like”5,15,16, MFX more often results in “ﬁbrocartilage-like”
RT in the knee joint8. It should be noted that there is a lack of data
concerning the histological RT quality after MFX in the ankle,
however, Giannini et al. report hyaline-like RT after MACT in the
ankle, albeit in a limited sample size5.
The most important difference between “hyaline-like” and
“ﬁbrocartilage-like” RT, which lacks the favorable biochemical
properties of normal hyaline cartilage, can be seen in the zonal
arrangement of the collagen ﬁber network, as well as in the lowercontent of proteoglycans (PG) and chondrocytes in the RT after
MFX32.
A considerable number of studies with biochemical MR
sequences has been carried out to help characterize the constitu-
tion of cartilage RT compared to healthy hyaline articular cartilage
to this date.
White et al.33 were able to correlate a zonal increase in cartilage
T2 values from near the subchondral bone to near the cartilage
surface with histology and with collagen structural anisotropy in
polarized light microscopy. Their results showed that after MFX,
only disorganized ﬁbrous reparative cartilage was visible, with no
zonal variation in T2.
Welsch et al.34 could subsequently demonstrate that this held
true for the RT after MFX in the knee in vivo. Interestingly, they
found that there was a tendency for a zonal variation similar to
healthy cartilage in cases after MACT. The overall T2 was signiﬁ-
cantly lower in MFX RT than in MACT RT when compared to
articular cartilage.
Differences in collagen organization after the respective repair
procedures may be an initial explanation for the differences in DWI
between MFX and MACT in the present study.
Additionally, a dGEMRIC analysis by Trattnig et al.35, found
a signiﬁcantly higher glycosaminoglycan (GAG) content in cases
after MACT than after MFX in the knee, which may further account
for the differences between MACT and MFX in our study.
Previous in vitro studies22,24 have proposed that DWI might be
able to mirror the biochemical constitution of cartilage as
a combination of collagen content/orientation, hydration, and GAG
content. Although DWI is not sensitive to one particular biomarker,
it seems to have the potential to grade changes in the composition
of cartilage in the aggregate.
Considering these previously mentioned histological and MR
biochemical studies in combination, it is obvious to assume that in
the RT after MACT, a larger density of diffusion-hindering obstacles
such as like collagen ﬁbers, PG, and chondrocytes and intra- and
extracellular barriers are present, inﬂuencing the molecular
movement of water protons. This may explain the signiﬁcantly
lower DQs in MACT patients in our study, compared to the
MFX group.
It seems important to note that a study comparable to this one
was performed by Welsch et al.27 in the knee joint. They found
constant DQ values in patients after MACT during a follow-up
period of 10e70 months, whereas, in the same time interval, an
increase in DQs was noted in patients after the MFX procedure.
Our results in the ankle joint revealed a different, and, from
Table III
Individual variables for the MOCART score for every patient after MACT or microfracturing (MFX) treatment
Patient Degree of
defect repair
Integration to
border zone
Surface RT Structure RT Signal intensity
PDw-TSE
Signal intensity
3D GRE
Subchondral
lamina
Subchondral
bone
Adhesions Effusion Max.
score
Complete ¼ 20
Hypertrophy ¼ 15
>50% ¼ 10
<50% ¼ 5
Exposed
bone ¼ 0
Complete ¼ 15
Incomplete
(split-like) ¼ 10
<50% ¼ 5
>50% ¼ 0
Surface
intact ¼ 10
<50% ¼ 5
>50% ¼ 0
Homogeneous ¼ 5
Inhomogeneous ¼ 0
Isointense ¼ 15
Moderately
hyperintense ¼ 5
Markedly
hyperintense ¼ 0
Isointense ¼ 15
Moderately
hyperintense ¼ 5
Markedly
hypointense ¼ 0
Intact ¼ 5
Not intact ¼ 0
Intact ¼ 5
Edema, cysts,
sclerosis ¼ 0
No ¼ 5
Yes ¼ 0
No effusion ¼ 5
Effusion ¼ 0
MACT_01 20 10 5 0 5 5 0 0 5 5 55
MACT_02 20 15 5 0 5 5 0 0 5 5 60
MACT_03 20 15 10 5 15 0 0 0 5 5 75
MACT_04 20 10 5 0 5 0 5 0 5 0 50
MACT_05 20 10 5 0 15 5 0 0 5 5 65
MACT_06 15 5 5 0 5 15 0 0 5 0 50
MACT_07 20 5 5 0 15 15 0 0 5 0 65
MACT_08 20 5 5 5 15 15 0 0 5 0 70
MACT_09 10 15 10 5 15 15 0 5 5 5 85
MACT_10 10 5 5 0 5 0 5 0 5 5 40
MFX_11 5 5 5 0 15 5 0 0 5 5 45
MFX_12 20 10 0 0 15 15 0 0 5 0 65
MFX_13 20 10 5 0 15 5 0 0 5 5 65
MFX_14 20 15 10 0 15 0 0 0 5 5 70
MFX_15 20 10 10 0 15 5 5 0 5 0 70
MFX_16 20 15 10 5 15 5 0 0 5 5 80
MFX_17 20 15 10 5 15 5 0 0 5 5 80
MFX_18 20 10 5 0 5 0 5 0 5 0 50
MFX_19 5 5 5 0 5 5 5 0 5 5 40
MFX_20 5 5 0 0 5 5 0 0 5 5 30
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Fig. 4. Correlation plots with 95% CI (outer limit lines) of the DWI index and the MOCART score for (a) MACT patients (r ¼ 0.058; P ¼ 0.874), as well as (b) for MFX patients
(r ¼ 0.648; P ¼ 0.043).
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correlation of DQs with follow-up. Whereas no correlation was
found between DQ values and follow-up in MFX patients,
a decrease in diffusivity was noted in the longer follow-up intervals
in the MACT patients (Fig. 5). This might highlight an ongoing
maturation process within the RT after MACT, in contrast to the less
sophisticated procedure of MFX. However, because of the small
number of patients, these ﬁndings are only preliminary.
A comparison of T2 values with DWI in cases after MACT in the
ankle by Quirbach et al.21 yielded that the T2 values of the RT
were similar to normal cartilage, whereas the DWI parameters
were statistically signiﬁcantly different (DQ healthy cartilage ¼
1.28  0.17; DQ RT ¼ 1.49  0.32). Still, a tendency towards lower
diffusion constant with longer follow-up was found, and consid-
ering that the mean postoperative interval was shorter
(19.8  12.6 months), on may assume that DWI is highly sensitive
for the RT maturation process over time.Fig. 5. Correlation plots with 95% CI (outer limit lines) of DWI index for every patient in r
decreasing diffusivity with increasing follow-up time in MACT patients.To date, only a few recent MRI studies have used the MOCART
score to assess the morphological outcome of cartilage repair in the
ankle14,17,21. This study reports on the ﬁrst application of MOCART
score for MFX of the talus. With regard to the results for the indi-
vidual variables, we were unable to ﬁnd any differences between
patients after MACT or MFX. This might appear questionable,
especially when considering the role of the subchondral lamina in
both surgical techniques, and one could suppose that there would
be signiﬁcant differences in this variable. This could be explained by
the fact that the majority of the MACT cases had OD, causing
alteration of the subchondral lamina in MRI even at mid-term.
Interestingly, in three of six MFX patients without initial OD, the
subchondral lamina was not intact.
However, it should be noted that the MOCART score was
originally developed for the knee, and may not be sufﬁciently
optimized for the morphological properties of the ankle. A revi-
sion of the individual variables and their weighting in the scoreelation to the postoperative interval after (a) MACT and (b) MFX treatment. Note the
S. Apprich et al. / Osteoarthritis and Cartilage 20 (2012) 703e711710might accommodate the differences between the knee and ankle
joint. For example, no adhesions at all could be detected in our
study or in others14,21 which diminishes the informative value of
this variable; also, it remains to be determined if the high sensi-
tivity of the TrueFISP sequence for RT inhomogeneity is relevant
for the clinical outcome36. Regarding the parameter “effusion”, it
was previously recommended to use a threshold of 1 cm at the
knee20. However, this is not applicable in the ankle and we
considered anterior recess distension as the relevant criterion for
the present study.
The results of the AOFAS score in this study agree with recent
reports on MACT2,3,5,11,14 and MFX31,37,38. At a mean duration of
4 years after MACT, 70% of our patients were rated as excellent and
good, whereas 30% were rated as fair and poor. MFX patients
yielded excellent and good results in 60% and fair or poor results in
40% of cases at a mean follow-up of nearly 5 years.
A major limitation of the present study was the relatively small
cohort of patients in both groups and the difference in follow-up
time point (although not being statistically signiﬁcant), which
may reduce the clinical impact of this study. Surgical or histo-
logical conﬁrmation of the cartilage RT state as well as a compar-
ison with other biochemical MRI techniques would have
strengthened our assumption that DWI reﬂects the differences in
cartilage RT quality after a MACT or an MFX procedure. We also did
not perform a zonal assessment of the cartilage layer, as was done
in another study of the knee joint25, due to the relatively thin
cartilage layer at the talar dome. It should be demonstrated, e.g.,
with the help of higher ﬁeld strength scanners, and thus, the
opportunity for higher resolution, whether a division of the
cartilage layer into a deep and superﬁcial ROI offers additional
information for the assessment of a particular RT by DWI in the
ankle joint. Well integrated RT might cause possible bias in terms
of cartilage segmentation; however interobserver reliability was
good. The use of only one slice for DWI analysis through the center
of the RT might create a bias due to an inhomogeneous quality of
the RT, however, especially in case of small RT, more slices might
possibly increase partial volume effects with border zones. A
further limitation concerning the DWI sequence itself is the semi-
quantitative approach. The very thin cartilage layer of the ankle
and therefore required high in-plane resolution remain inherent
methodological challenges, which will complicate possible quan-
titative DWI approaches.
In conclusion, non-contrast DWI seems to reﬂect the differences
in the quality and biochemical composition of cartilage RTs after
two different approaches for cartilage repair in the talus. This might
help clinical investigators to determine which surgical technique
provides the most resistant and durable cartilage RT for optimal
cartilage injury treatment of the ankle. Despite the signiﬁcant
differences in the diffusivity after MACT and MFX, both repair
procedures yielded comparable and satisfying results during mid-
term follow-up, based on MOCART and AOFAS scoring, and were
concordant with the current knowledge in the literature. If patients
will proﬁt from more sophisticated and expensive MACT proce-
dures in the long term, and if this is reﬂected in DWI imaging,
remains to be evaluated.Author contributions
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